Abstract-We present the first reliability study of InAs/GaAs self-assembled quantum dot lasers epitaxially grown on Ge/Si substrates. Some devices maintain lasing oscillation after more than 2700 h of constant current stress at 30°C, longer than any previous life tests of GaAs lasers epitaxially grown on silicon. No catastrophic failures were observed. The lasers were characterized to gain insight on the aging mechanism.
I. INTRODUCTION

D
EVICE performance of 1.3 μm InAs/GaAs semiconductor quantum dot (QD) lasers directly grown on silicon has seen rapid and significant improvement in the past few years [1] - [4] . Such structures have the potential to be very low cost due to direct growth on large silicon substrates, while being less power hungry compared to quantum well (QW) lasers. Semiconductor QD lasers directly grown on silicon are thus an attractive light source for future short-reach, high volume silicon photonic data links for which cost and power consumption become increasingly important [5] .
GaAs/AlGaAs compounds are known to be susceptible to recombination enhanced defect reactions (REDR), whereby energy released from non-radiative recombination at point defect or extended defect (dislocation) sites contribute to a local enhancement of defect/dislocation mobility and density [6] . This phenomenon is a common cause of failure in GaAs/AlGaAs QW lasers, and become more pronounced with higher dislocation densities [7] , [8] . For GaAs based QW lasers epitaxially grown on silicon-where relatively high dislocation densities are present compared to growth on native substrates-reported lifetimes have ranged from a few seconds [9] to around 200 h [10] under room temperature testing.
Long-term reliable operation is a pre-requisite for consideration in commercial applications. There have been several reports on the reliability of InAs/GaAs QD lasers grown on native GaAs substrates [11] - [13] , however the reliability characteristics of previous QD lasers epitaxially grown on silicon have not yet been reported. Here we present the first study on the reliability of InAs/GaAs QD lasers epitaxially grown on silicon and a comparison with similar devices grown on GaAs.
II. EXPERIMENTAL PROCEDURE
Ridge waveguide Fabry-Perot cavity lasers were fabricated from InAs/GaAs QD laser material emitting around 1.3 μm grown by molecular beam epitaxy on both native (100) GaAs substrates as well as GaAs/Ge/Si templates [4] , [14] , where the Si substrate is (100) with a 6°miscut toward [111] . The growth and fabrication steps of all the lasers used for reliability testing were identical except for the choice of substrate (GaAs versus GaAs/Ge/Si), the number of active layers (five on GaAs substrates and seven on GaAs/Ge/Si), and the facet formation process. For the lasers grown on silicon, the cavities were defined by dicing the metallized chips into laser bars, facet polishing, deposition of a thin 20-25 nm SiN passivation layer on both facets and a ∼95% highly-reflective dielectric coating on one facet. The lasers on GaAs were cleaved with no subsequent facet coating. Detailed epitaxial growth and device fabrication procedures have been reported previously [4] , [14] . Fig. 1 shows a cross-sectional transmission electron microscope (TEM) image of unprocessed laser material on silicon from a separate wafer but grown with the same conditions as the material used for device fabrication. The viewing area is ∼11 μm wide. A high density of threading dislocations is visible. Aging data (at 30°C/100 mA) for three QD lasers on GaAs. The discontinuity around 1400 h coincides with relocation of the testing equipment. The legends denote the device size as (cavity length) × (ridge width).
Despite the high density of dislocations, lasers fabricated from such material have shown reasonably good performance [4] , demonstrating a unique advantage of QDs.
Nine devices of various sizes were selected for aging in an accelerated aging test rack at Aurrion. Of the selected devices, three were QD lasers grown on GaAs substrates (see Fig. 2 ), while the rest were on silicon (see Fig. 3 , I-VI). Laser bars containing one or more individual devices to be tested were mounted onto AlN carriers with non-conductive epoxy and the contacts wire-bonded to probe pads on the carrier. A thermistor was mounted onto the carrier as well to monitor the temperature during aging.
All devices were aged in auto current control (ACC) mode at 30°C under 100 mA of constant applied current (1.1-2.5 kA/cm 2 depending on device size). The initial single facet output powers at these conditions varied from 3.3-16.6 mW. Periodic light-current-voltage (LIV) sweeps at 30°C were taken to monitor changes in the lasing characteristics, where the light was collected from a photodiode normal to the facet of the aged devices in the aging rack. Due to limitations of the mask layout and the wire-bonding setup, only a single wire-bond was done for the p and n contacts of each laser. Because of this, the differential resistance of the wire-bonded lasers at the aging current of 100 mA increased by 0.205-0.735 Ω compared to direct probing. This manifested in a reduced maximum output power and earlier thermal rollover in the LI curves of the mounted/wire-bonded lasers measured at room temperature.
One additional laser on silicon was tested in-house at UCSB so as to be able to perform additional characterization during the aging process (see Fig. 3 , VII). In this case, a packaged laser device on an AlN carrier without any wire bonding was directly probed on a heated copper stage and operated continuously using a Keithley 2602 current source. Periodic LIV sweeps were Fig. 3 . Aging data (at 30°C/100 mA) for QD lasers on silicon stressed in a commercial laser reliability aging test rack (I-VI). VII is a laser with p-doping in the active region and stressed on a probe station. The legends denote the device size as (cavity length) × (ridge width).
programmed with a MATLAB script and the output light was collected with an integrating sphere. With the exception of modulation p-doping in the active region, the epitaxial material and device structure were identical to the ones tested at Aurrion. Fig. 2 shows the aging data for the QD lasers on GaAs. A small increase in threshold (2-3 mA) over the course of the aging period is observed for all lasers, with most of the increase occurring in the early stages of testing. The threshold behavior was otherwise relatively stable. Sudden kinks in the threshold versus time plots at around 1400 h coincide with relocation of the testing setup. Fig. 3 shows the aging data for the lasers on silicon. The data are grouped into three subsets according to active region area/applied current density for the devices stressed together in the aging rack (labeled I through VI), and separately for the p-doped laser aged on a probe station (VII). The lasers can be seen to degrade at various rates during the aging process, but no catastrophic failures are observed. Devices II, III and IV slowly degraded until the threshold was too high to permit lasing. After 600 h, devices I (still lasing) and II were removed for TEM characterization. Aging of V, VI, and VII were stopped after 2736, 2736, and 2100 h, respectively.
III. EXPERIMENTAL RESULTS
A. Threshold Behavior
A sub-linear model is used to fit the threshold behavior over time as was proposed in an earlier work [15] , [16] :
In the above equations, t is the elapsed aging time and I th (t) is the threshold as a function of aging time. The MTTF criterion can take on various levels of rigor depending on the device application. Here we define it as a doubling of the threshold for ease of comparison with similar reliability data of epitaxial lasers on silicon. The p-doped laser showed the best lifetime with an extrapolated MTTF of 4627 h. Typically, semiconductor laser lifetime is modeled by a temperature and applied current density dependence:
where T is the junction temperature, E a is an activation energy that describes the change in degradation rate across a temperature range, and n describes the current dependence on degradation. MTTF versus applied current density is plotted in Fig. 4 , and the current exponent n is estimated to be ∼2.7 for devices I-VI (data for VII was not included for consistency because of the different gain characteristics and carrier dynamics of pdoped lasers, as well as the different testing setup). We note that this is only a rough estimate due to the small sample size as well as other effects present, such as differences in thermal and electrical resistances of different device sizes, which cannot be properly decoupled from the analysis. Due to lack of temperature dependent data we are unable to estimate the thermal activation energy.
B. (S)TEM Investigation
Plan-view TEM (PVTEM) specimens were prepared from device I which has been heavily degraded after 600 h, as well as an unaged device spaced approximately 300 μm away on the same laser bar for comparison. The PVTEM specimens were taken from approximately the center of the InAs QD active region, and estimated to be 100-120 nm thick, with ∼20 nm of amor- phous material on each side of the foil caused by FIB damage. Due to significant warping of the TEM foils causing nonuniform diffraction conditions across the sample, the images were taken in multi-beam diffraction conditions in STEM mode to best illuminate the dislocations. The results are visible in Fig. 5 . A network of misfit dislocations is visible in both the aged device as well as the unaged one, which was not readily observable in cross-sectional TEM. The majority of them are aligned nearly parallel to the [011] direction separated by an angle that is proportional to the substrate offcut [17] , forming "V" shapes where they cross. The total dislocation density is on the order of ∼10 8 cm −2 in both cases. Comparing the aged and un-aged cases, the dislocations in the aged device seem to acquire a helical component, characteristic of growth by dislocation climb [18] . We note that this device (I) was still lasing with roughly 4 mW of maximum output power at the time testing was stopped for TEM characterization.
C. Reverse Bias Leakage Current Versus Aging Time
The reverse bias leakage current was measured at different aging time intervals for device VII at 30°C. The results are shown in Fig. 6 . After a relatively large initial increase in the leakage current, the rate of increase becomes smaller for roughly the same time interval as aging progresses (see inset of Fig. 6 ). This trend is similar to the threshold versus time data. Materials with defects or dislocations typically exhibit much higher reverse leakage currents compared to low defect density material [8] , [19] , [20] . This suggests that the degradation is due to defect/dislocation growth within the material, and is consistent with the observation of dislocations with signatures of climb in Fig. 5 . Fig. 7 shows the lasing spectra at 30°C for device VII after the aging process was stopped at 2100 h. The measured threshold after 2100 h of testing was 57 mA at the aging temperature. Sharp lasing peaks centered at the wavelength of 1267 nm are visible in the lasing spectra at 60 mA and become well developed at 65 mA, confirming sustained ground state lasing oscillation during and after the aging process.
D. Post-Aging Lasing Spectra
IV. DISCUSSION
Since the QD lasers grown on GaAs exhibited good lifetime characteristics, we conclude that the degradation of QD lasers on silicon is caused by either the higher dislocation density from growth on silicon and/or damage induced from the facet polishing process. While we cannot rule out the latter, for applications in silicon photonic integrated circuits facets are either formed in a passive waveguide material decoupled from the active gain media or not used at all, making III-V facet damage less relevant for reliability [16] . We will focus our discussion on the evidence of dislocation growth in the active region.
Both threading dislocations and misfit dislocations are present within the lasers on silicon at high densities, visible in the TEM images in Fig. 5 . The high density of misfit dislocations in the active region was unexpected and could have been caused by relaxation of the In 0.15 Ga 0.85 As QW confining the QDs. A literature survey of GaAs based lasers grown on silicon reveals a surprising finding: despite the fact that pseudomorphically strained In x Ga (1-x) As/GaAs QW lasers significantly outperform their unstrained GaAs QW counterparts when grown on GaAs, the opposite is true for the same lasers on silicon where InGaAs QWs have failed to show the same superior performance compared to unstrained GaAs/AlGaAs QW devices [21] - [23] . Although the reason has not been extensively investigated, it is possible that this is due to a metamorphic relaxation of the strained InGaAs-typically grown near the critical thickness on GaAs. Extra compressive strain induced by the temperature increase from QW/QD growth temperatures to hotter temperatures for GaAs growth, along with an increased possible number of nucleation sites for misfit dislocations from the presence of pre-existing threading dislocations and an inherent surface roughness, likely induces an earlier critical thickness for plastic relaxation of the InGaAs QWs (or InAs QDs) when grown on silicon. Increased misfit dislocations in the QW when grown on Si versus growth on native substrates have also been observed experimentally by TEM in a recent study [23] .
Although strained InGaAs QW lasers show significantly improved lifetimes compared to unstrained QW lasers, it has been demonstrated that when grown near or past the critical thickness, their lifetimes become worse than those of unstrained GaAs QW lasers [24] . The study in [24] looked at three sets of lasers where the QW thickness varied by approximately 2 nms. The corresponding lifetimes varied from well over 3000 h for the laser that was below the critical thickness, to 1000 h near the critical thickness, to less than 100 h above the critical thickness.
Therefore, the creation of extra misfit dislocations possibly related to the strain relaxation of the DWELL may be an important factor in the lifetime of these devices. In many studies, the same growth conditions are used to compare material grown on GaAs to growth on Si for consistency. However, in light of this analysis, this is not an optimal route as the same growth conditions on GaAs may exceed the critical thickness on silicon. Strain compensation via the introduction of tensile barriers or proper adjustment of the layer composition and thickness should be made for growth on silicon for better reliability.
Degradation in this case most likely proceeds via nonradiative recombination of minority carriers at such dislocations outside the InAs QDs (i.e., in the confining In 0.15 Ga 0.85 As well and GaAs barriers), which leads to subsequent dislocation climb. This recombination enhanced process has been shown to be proportional to the current density, which in the active region is governed by the lasing threshold condition involving different competing carrier processes such as carrier capture and escape within individual dots or defect states. A schematic inplane band diagram illustrating the various processes present is shown in Fig. 8 .
The non-radiative lifetime associated with a defect or trap state can be roughly expressed as τ N R = 1/(σv th N D ), where Fig 8. A simplified schematic of the aging process showing the various capture (C), emission (E) and recombination (non-radiative: NR; or radiative/stimulated emission: ST) processes involved. Only electron processes are shown for simplicity. Here, the defect is an electron trap. When carriers are injected into the active region (1), they may relax via radiative transitions if captured by a QD (2a) or a non-radiative transition if trapped by a defect (2b). In the latter case, recombination enhanced defect reactions (REDR) may lead to growth or formation of new defects (3). As a result, the internal quantum efficiency decreases and absorption loss increases (4) .
(GS-ground state; ES-excited states).
σ is the capture cross-section of the defect, v th is the thermal velocity of the minority carrier, and N D is the defect density. The internal quantum efficiency can then be expressed as [25] :
For QD lasers, the capture cross-section of the defect would be inversely proportional to the dot density (or the mean diffusion length). As dislocations grow by recombination enhanced dislocation climb, the product σN D increases causing the internal quantum efficiency to decrease, while introducing additional absorption loss (α i ) into the cavity. This subsequently increases the threshold current density within the device, and leads to more non-radiative recombination events [8] , [26] . Table I summarizes some representative lifetime data that have been reported for GaAs based lasers grown on silicon to date. Compared to previous QW lasers, the best QD lasers tested in this study have >10× longer lifetimes at harsher operating conditions, despite the very high dislocation densities present (>10 8 cm −2 ) within the laser material. This apparent improvement in lifetime over GaAs QW lasers on silicon cannot be ascribed to differences in material quality, as previous works have mostly reported lower dislocation densities than what is found here.
We attribute the improvement in lifetime to the same principle that enables the operation of QD lasers despite high defect/dislocation densities [1] - [4] , namely that once carriers are captured by a QD they become localized and can no longer diffuse laterally toward dislocations, unlike the QW case [27] . If the dot density far exceeds the dislocation density (in this case, >200:1 with a corresponding dot density of ∼4 × 10 10 cm −2 ), then the non-radiative capture cross section of individual dislocations or defects is effectively reduced due to competing radiative capture of the QD ensemble. The net result is a reduction of the non-radiative recombination rate, which drives device degradation. Further, the strain field of the InAs QDs presents an additional mechanical barrier for the propagation of growing dislocation loops, and some loops may become pinned by the dots [12] .
There are many other important factors relevant to the lifetime of this system. These include the wavelength of the laser itself (which is related to the maximum energy released in a non-radiative recombination event), the effect of a non-pinned carrier density above threshold in a QD laser (resulting in increased carrier density for non-radiative recombination) [28] , the uniformity of the QD ensemble, the position of the dangling bond levels within the bandgap [29] , [30] , and residual tensile stress from the thermal expansion mismatch [31] , [32] . A detailed discussion relating these factors to reliability is beyond the scope of this paper.
V. CONCLUSION
We have reported the first reliability study of InAs/GaAs QD lasers epitaxially grown on silicon. Over 2700 h of continuous wave operation at 30°C has been reported along with extrapolated mean time to failures up to 4600 h. No sudden/catastrophic failures are observed. Degradation is thought to be associated with the slow growth of existing dislocations by recombination enhanced dislocation climb, although other mechanisms cannot be ruled out. Key to the improved reliability over previous reports of GaAs lasers on silicon is the use of QD active regions instead of QWs.
Longer lifetimes are to be expected by increasing the ratio of lasing QDs to dislocations. The latest advances in selfassembled 1.3 μm InAs QD growth indicates that it is possible to achieve at least a 50% increase in dot density and improved dot uniformity from the present work [34] . Further, it is reasonable to expect at least one or two orders of magnitude decrease in defect density from optimized Ge buffers or strained layer superlattices [3] , [22] . Combining such improvements of the QD gain region with reductions in defect density is expected to produce reliable and efficient laser operation in future devices.
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